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Passive  Q-Switching  of  CO2  TEA  Laser  Using  Sulfur  Hexafluoride 


I.  Introduction 


The  use  of  an  infrared-absorbing  gas  such  as  sulfur  hexafluoride  (SFg)  to  passively  Q-switch  a  low  pressure  carbon 
dioxide  (CO,)  laser  operating  at  a  wavelength  of  10.6  microns  (jun)  has  been  extensively  reported  in  literature  (see 
references  1,  2,  and  3,  p.  14 ).  Recent  interest  in  using  sulfur  hexafluoride  as  a  Q-switch  for  atmospheric  pressure  TEA 
lasers  has  been  motivated  by  the  need  for  an  optimized  laser  for  generation  of  the  second  harmonic  of  the  CO,  laser 
radiation. 

Second  harmonic  generation  is  accomplished  by  directly  pumping  a  crystal  having  favorable  nonlinear  optical 
properties  with  radiation  from  the  primary  laser  source.  Neglecting  loss  mechanisms,  the  second  harmonic  output  is 
directly  in  proportion  to  the  input  power  to  the  frequency  doubling  crystal.  For  this  reason,  when  using  a  typical  TEA 
laser  as  the  pump  source,  second  harmonic  output  is  attributable  primarily  to  the  high-power,  gain-switched  spike  of 
the  input  pulse.  The  substantial  energy  content  in  the  relatively  long,  low-power  tail  of  the  pulse  contributes  little  to  the 
second  harmonic  output.  Unfortunately,  it  also  causes  detrimental  heating  of  the  crystal. 

Second  harmonic  output  is  limited  by  the  energy  density  with  which  doubling  crystals  can  be  pumped  without 
sustaining  damage.  Elimination  of  the  tail  of  the  laser  pump  pulse,  therefore,  can  allow  higher  power  pumping  and 
higher  second  harmonic  output  without  damage  to  the  doubling  crystal.  Various  means  may  be  used  to  optically  clip 
off  the  tail  of  the  pulse.  It  would  be  desirable,  however,  to  transfer  the  energy  normally  contained  in  the  tail  to  the 
short,  high-power  spike.  This  would  result  in  a  more  efficient,  compact  source  for  a  given  pump  power. 

Introduction  of  an  absorbing  gas  into  the  laser  cavity  makes  possible  some  degree  of  frequency  tuning  of  the  TEA 
laser.  The  selective  absorption  property  of  SF6  makes  it  possible  to  change  the  lasing  frequency  of  a  free-running  TEA 
laser  (without  grating)  from  10.6  ^m  to  10.2  urn  and  from  10.2  m  to  9.6  tan  as  the  SFs  pressure  is  increased. 

Operation  at  9.6  tan  is  desirable  because  the  doubled  output  at  4.8  i^m  is  inside  the  atmospheric  transmission  window 
of  3  to  3  tan.  The  second  harmonic  frequencies  generated  from  10.2  tun  and  10.6  ^m  pump  radiation  are  outside  this 
band. 

A  Q-switched  CO,  laser  may  also  be  advantageous  for  other  applications.  For  fast  detection  systems  (15  MHz  and 
faster)  such  as  laser  rangefinders,  the  use  of  a  Q-switched  laser  can  result  in  reduced  noise  and  increased  range.  Sulfur 
hexafluoride  has  been  used  to  demonstrate  mode  locking  of  CO,  lasers  (sec  references  4,  5,  and  6,  p.14),  which  may  be 
used  for  high-range  resolution  requirements. 

The  ability  of  SF6  to  be  used  to  frequency  tune  a  CO,  laser  can  be  beneficial  for  applications  requiring  operation  in 
other  branches  of  the  CO,  emission  spectrum.  The  absorbing  gas  offers  a  method  to  frequency  tune  with  minimal  loss 
and  high  reliability. 

This  report  documents  some  of  the  above-cited  properties  when  SF6  is  introduced  into  the  laser  cavity.  The  potential 
and  the  limitations  of  using  absorbing  gases  for  passive  Q-switching  are  addressed,  and  an  heuristic  theory  is  given  for 
passive  Q-switching  and  frequency  selection. 
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n.  Theory 


The  basic  mechanism  of  Q-switching  refen  to  the  modulation  of  the  loss  in  a  laser  cavity  in  order  to  produce  a 
high-power  output  pulse.  A  simple  method  of  active  Q-switching  is  to  mount  the  rear  reflector  of  the  laser  resonant 
cavity  onto  a  rotating  shaft.  While  the  mirror  is  turned  away  from  the  cavity,  the  cavity  loss  is  high  and  the 
population  inversion  of  the  laser  medium  can  build  up  past  its  normal  lasing  threshold.  When  the  rotating  rear 
reflector  becomes  aligned  with  the  output  coupler,  the  cavity  loss  is  lowered  and  the  Q  of  the  cavity  is  raised.  The  gain 
of  the  laser  is  extremely  high  causing  a  rapid  build  up  of  lasing  to  high  peak  powers  (see  reference  7,  p.14 ). 

The  mechanism  of  passive  Q-switching,  using  saturable  absorbing  gases,  is  more  subtle.  Several  articles  have 
presented  models  and  theories  of  passive  Q-switching  (references  1  and  2).  In  brief,  the  inclusion  of  a  saturable 
absorbing  gas  into  the  cavity  introduces  high  loss  to  the  cavity  during  the  beginning  of  the  excitation  process  and 
allows  the  population  inversion  to  overshoot  the  normal  threshold  value.  When  the  emission  becomes  strong  enough  to 
saturate  the  absorbing  gas,  the  loss  decreases  and  the  inverted  population  quickly  falls  to  its  threshold  value  while 
simultaneously  emitting  at  the  laser  frequency.  This  explanation  of  passive  Q-switching  points  out  two  necessary 
properties  of  the  saturable  absorber  used  as  a  Q-switch:  (1)  it  must  be  an  effective  absorber  at  the  lasing  frequency, 
and  (2)  it  must  have  a  metastable  energy  state  near  that  of  the  lasing  transition  so  that  the  absorber  will  become 
saturated.  The  pressure  of  the  absorption  cell  must  be  controlled  so  that  at  some  time  the  small  signal  absorption  of 
the  absorbing  gas  is  lower  than  the  gain  vs.  time  profile  of  the  laser  (for  lasing  to  occur).  The  relaxation  time  of  the 
metastable  state  will  determine  the  pulse  length.  References  8  and  9  on  page  14  demonstrate  that  SFs  is  a  good 
candidate  for  Q-switching  at  10.6  tan.  This  paper  will  show  that  SFs  also  can  be  used  as  a  passive  Q-switch  at  10.2 
m m. 

The  difficulty  of  Q-switching  a  TEA  laser  is  that  the  TEA  laser  is  already  strongly  gain  switched  by  the  pulse- 
forming  network  of  the  discharge  capacitor.  But  with  a  proper  pressure  of  the  absorbing  gas,  it  may  be  possible  to 
further  delay  the  onset  of  the  laser  pulse,  allowing  an  even  larger  overshoot  of  the  population  inversion.  The  absorbing 
gas  can  eliminate  the  tail  of  the  laser  pulse  if  it  has  recovered  from  saturation  in  time  to  absorb  the  tail’s  photon  flux. 
This  requires  the  relaxation  time  of  the  metastable  state  to  be  on  the  order  of  the  pulse  width  and  the  absorbing  gas 
pressure  to  be  high  enough  to  absorb  ail  of  the  tail’s  photon  flux. 

There  are  three  requirements  on  the  pressure  and  length  of  the  saturable  absorbing  gas  cell  for  it  to  perform 
Q-switching  and  eliminate  the  tail  of  the  pulse  in  a  TEA  laser: 

1.  The  pressure  must  be  high  enough  to  induce  short  relaxation  time  but  not  so  high  that  the  relaxation  time  is 
shorter  than  the  pulse  width. 

2.  The  pressure-length  product  must  be  high  enough  to  appreciably  delay  lasing  but  not  so  high  as  to  inhibit 
lasing. 

3.  The  pressure-length  product  must  be  high  enough  to  absorb  all  of  the  tail’s  photons. 

The  first  requirement  puts  limits  on  the  gas  pressure  while  the  second  puts  limits  on  the  gas  ceil  length.  It  may  be 
impossible  to  achieve  the  third  condition  without  invalidating  the  second. 

The  mechanism  of  frequency  tuning  a  TEA  laser,  using  absorbing  gas,  is  a  process  of  selective  frequency 
absorption.  From  Figure  1,  page  8  ,  it  is  apparent  that  even  at  low  pressures,  SFs  is  very  absorbent  at  10.6  Mm.  At  low 
pressures,  the  loss  at  10.6  Mm  is  too  high  to  permit  lasing,  but  the  laser  is  free  to  lase  at  10.2  Mm  where  SF6  is  not 
absorbing.  At  higher  pressures,  SF6  is  also  strongly  absorbent  at  10.2  Mm,  and  lasing  is  inhibited  at  both  10.2  Mm  and 
10.6  m-  The  laser  is,  therefore,  forced  to  lase  at  9.6  Mm  where  there  is  no  appreciable  absorption  by  SFs. 
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m.  Experiment 


Three  types  of  experiments  were  performed  to  demonstrate  and  explain  the  Q-switching  and  frequency-tuning 
behavior  of  SF6  used  intracavity.  These  were: 

1.  Passive  Q-switching  of  a  TEA  laser  with  a  100-percent  reflecting  rear  mirror  and  SF6  inside  the  cavity. 

2.  Passive  Q-switching  of  a  TEA  laser  with  a  grating  used  to  frequency  time  and  SF6  inside  the  cavity. 

3.  Absorption  spectrum  of  SF6  in  the  9  pun  to  11  pun. 

The  first  experiment  was  designed  to  demonstrate  passive  Q-switching  and  frequency  tuning  from  10.6  pun  to  9.6 
pun.  The  experimental  layout  is  shown  in  Figure  2,  page  9 .  The  first  SFs  gas  ceil  was  constructed  with  a  glass  body  and 
two  zinc  seienide  (ZnSe)  brewster  windows  and  measured  27  cm  along  the  axis.  The  gas  cell  was  evacuated,  then  filled 
to  operating  pressures  of  from  1  to  100  torr  of  SF6.  The  discharge  was  45  cm  long  and  was  flowing  at  atmospheric 
pressure.  The  mixture  of  flowing  gas  was  monitored  at  5200  cc/min  He,  3200  cc/min  CO;,  and  500  cc/min  N:.  A 
photon  drag  detector.  Model  7401  from  Rofm  LTD,  was  used  to  measure  pulse  width  and  tail  length. 

The  data  collected  from  the  experiment  included  total  energy,  lasing  wavelength,  and  pulse  shape  at  various 
pressures  of  SF6.  It  was  found  that  a  trace  amount  of  SF6  inhibited  lasing  at  10.6  pun.  Table  1  shows  a  summary  of 
results. 


Table  1.  Passive  Q-Switching  With  27  cm  Gas  Ceil 


SF6  pressure 
(torr) 

Lasing  Wavelength 
Oam) 

Total  Energy 
(milijoules) 

Percent 
Peak  Power 

Pulse  Shape 

0 

10.6 

180 

100 

150  nsec  pulse  with  1  pzsec  tail 

3-6 

10.2 

82 

90 

Q-switch  100  nsec  pulse 

11 

9.6 

93 

70 

100  nsec  pulse  with  tail 

Operating  Conditions:  31  kv  on  capacitors 

85^b  flat  output  coupler 
4-meter  rear  reflector 


The  criterion  for  Q-switching  was  the  disappearance  of  the  tail  with  minimal  loss  of  peak  power.  A  pressure  of 
3  torr  of  SF,  was  found  to  consistently  produce  the  best  Q-switching  at  10.2  pun,  and  90  percent  of  the  peak  power 
was  obtained  with  the  laser  operating  at  10.6  pim  with  no  SFV  The  listed  percentages  of  total  energy  are  energies 
compared  to  the  output  with  the  laser  operating  at  10.6  pun  for  that  set  of  experiments.  The  energy  was  consistently  40 
percent  of  the  10.6  pun  pulse  energy.  This  compares  favorably  with  the  assumption  that  roughly  50  percent  of  the 
energy  in  the  10.6  pun  pulse  is  found  in  the  tail.  Slightly  lower  output  would  be  expected  for  the  lower  gain  10.2  pun 
transition. 

Transition  of  lasing  from  10.2  pun  to  9.6  pun  was  found  to  occur  at  a  pressufe  of  around  1 1  torr.  The  transition  was 
not  abrupt.  A  1-2  torr  lower  pressure,  lasing  would  occur  simultaneously  at  9.6  pun  and  10.2  pun.  Operation  of  the 
laser  at  9.6  pun  was  not  nearly  as  consistent  as  operation  at  10.2  pun.  The  pulse  shape  would  vary  from  pulses  with 
very  small  tails  to  double  pulsing.  The  peak  power  of  the  9.6  pun  pulse  was  down  50  percent  from  that  of  the  10.6  um 
pulse.  The  pulse  shapes  of  laser  pulse  for  the  three  operating  regions  are  shown  in  Figure  3  on  page  10 . 


The  experiment  then  was  repeated  with  a  gas  ceil  60  cm  in  length.  A  summary  of  the  results  is  shown  in  Table  2. 

Table  2.  Passive  Q-S witching  With  60  cm  Gas  Cefl 


SF6  pressure 
(ton*) 

Lasing  Wavelength 

(jim) 

Total  Energy 
(milijoules) 

Percent 
Peak  Power 

Pulse  Shape 

0 

10.6 

135 

100 

300  nsec  pulse,  1  jjsec  tail 

1.4-5 

10.2 

80 

30 

175  nsec  pulse,  small  tail 

6 

9.6 

55 

3 

100  nsec  pulse,  800  nsec  tail 

Operating  Conditions:  31  kv  on  capacitors 

85^«  flat  output  coupler 
4-meter  rear  reflector 

The  results  for  the  longer  gas  cell  show  the  transitions  to  9.6  >an  occurring  at  6  torr  SFs,  approximately  half  the  SF6 
pressure  as  for  the  shorter  cell.  Optimal  Q-switching  at  10.2  fa n  lasing  occurred  at  1.5  torr  SFs.  All  the  pulses  were 
wider  than  for  the  short  cell  due  to  the  increased  length  of  the  resonant  cavity.  Effective  Q-switching  of  the  9.6  pan 
laser  pulse  still  was  not  observed.  Figure  4  (page  1 1 )  shows  the  pulse  shapes  for  the  three  operating  regions. 

A  major  failure  of  the  above  experiment  was  that  the  10.6  fan  laser  pulse  was  used  as  the  baseline  for  comparison 
of  the  10.2  iflti  and  9.6  fan  lasing  pulse  and  for  the  determination  .of  Q-switching.  A  second  experiment  was  devised, 
replacing  the  rear  mirror  with  a  grating.  The  laser  was  then  tuned  to  the  strongest  line  of  the  10.6  fan,  10.2  fan,  arH 
9.6  fan  branches  of  the  C02  laser.  The  SF6  gas  cell  pressure  was  varied,  and  the  same  measurements  were  taken.  The 
reader  is  cautioned  not  to  try  to  compare  pulse  height  and  total  energy  of  different  wavelengths  because  both  the  laser 
and  the  photon  drag  detector  were  realigned  for  each  change  of  wavelength.  Table  3  shows  the  results  of  this 
experiment. 
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Table  3.  Passive  Q-S witching  With  Grating 


Laser 

Line 

SF6  Pressure 
(torr) 

Percentage 
Total  Energy 

Percentage 
Peak  Power 

Pulse  Shape 

10P18 

0 

100 

100 

100  nsec  pulse,  1  p<sec  tail 

10P18 

.3 

0 

0 

No  lasing 

10P18 

.1 

0 

0 

No  lasing 

10R18 

0 

100 

100 

75  nsec  pulse,  700  nsec  tail 

10R18 

1 

90 

100 

75  nsec  pulse,  700  nsec  tail 

10R18 

2.5 

65 

70 

75  nsec  pulse,  700  nsec  tail 

10R18 

3.3 

•52 

70 

100  nsec  pulse,  no  tail 

10R18 

6.0 

30 

42 

100  nsec  pulse,  no  tail 

10R18 

8.0 

10 

14 

100  nsec  pulse,  no  tail 

9P16 

0 

100 

100 

75  nsec  pulse,  500  nsec  tail 

9P16 

20 

90 

83 

75  nsec  pulse,  500  nsec  tail 

9P16 

40 

68 

66 

75  nsec  pulse,  200  nsec  tail 

9PI6 

70 

36  1 

50 

75  nsec  pulse,  200  nsec  tail 

Operating  Conditions:  31  kv  on  capacitor 

90*70  flat  output  coupler 
160  lines/ mm  grating 

The  percentage  of  peak  power  and  total  energy  are  ratios  made  to  the  output  with  the  cell  empty  for  the 
corresponding  gas  cell  pressures  at  that  wavelength.  With  the  laser  tuned  to  the  10  miti-P18  line,  it  was  found  that  any 
amount  of  SF.,  quenched  the  lasing.  The  results  at  10  *im-R!8  are  more  interesting,  and  the  corresponding  scope  traces 
display  vividly  the  Q-swicchtng  at  10.2  urn.  Q-switching  occurs  around  3  torr  SFV  The  percentage  of  peak  power  is 
lower  than  in  the  previous  experiment  without  the  grating,  and  the  pulse  width  is  greater.  This  is  probably  due  to  the 
increased  cavity  length  and  loss  required  to  introduce  the  grating  into  the  cavity.  The  results  for  the  9  um-P16  line 
showed  no  indication  of  Q-switching.  The  pulse  did  appear  to  change  until  20  torr  SFV  after  which  it  was 
progressively  attenuated.  The  results  with  the  grating  confirmed  the  results  achieved  with  a  rear  mirror  and  using  the 
SF„  to  frequency  tune  the  laser.  Figure  5  (p.  12)  shows  the  impulse  shape  for  the  three  frequencies  at  \anous  SF_ 
pressure. 

A  third  experiment  was  conducted  to  acquire  the  absorption  spectrum  of  SF6  in  order  to  explain  the  results  of  the 
two  previous  experiments.  Reference  10  gives  high  resolution  absorption  spectrum  of  SF6  at  10.6  urn,  but  the  spectrum 
does  not  extend  to  10.2  and  9.6  urn.  Gas  samples  of  SF6  at  varying  pressures  were  analyzed  using  two 
spectrophotometers.  The  gas  cell  used  was  10  cm  in  length  and  bounded  by  two  flat,  uncoated  potassium  bromide 
rtCBr)  windows.  Figure  1  shows  the  transmission  spectrum  of  SFs  with  the  5MX'  Nicolet  Fourier  transform  infrared 
(FT-IR)  spectrophotometer.  The  resolution  of  the  FT-IR  is  4  wave  numbers,  and  the  traces  represent  an  average  of 
10  scans.  Because  the  gas  cell  used  for  the  spectroscopy  is  about  one  third  the  length  of  the  short  gas  ceil  used 
intracavity,  one  needs  to  divide  the  pressures  by  3  to  find  the  corresponding  pressures  and  the  transmission  of  the 
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intracavity  cdl.  These  sets  of  transmission  spectra  dearly  demonstrate  the  frequency  selectivity  of  SF6.  The  1  torr  SF6 
curve  shows  that  the  10.6  mto  absorption  of  SFs  is  strong  enough  to  inhibit  taxing  at  10.6  yon,  while  the  10.2  yon 
absorption  is  down  to  5  percent,  which  will  permit  lasing  at  10.2  ya n.  The  10  torr  spectrophotometer  curve  represents 
the  absorption  at  which  (^switching  occurred  at  10.2  yon.  The  absorption  is  appreciable  (10-30  percent).  Even  from 
this  4-wave  number  resolution  spectroscopy,  one  can  observe  that  there  is  some  structure  to  the  absorption  band  of 
SF6  at  10.2  yan.  The  40  torr  trace  represents  the  point  at  which  the  laser  is  operating  entirely  at  9.6  yon.  The 
transmission  at  10.2  Mm  is  down  30  percent,  while  the  absorption  of  9.6  yan  is  only  10  percent.  It  is  at  300  torr  that 
some  structure  is  observed  at  9.6  yan,  although  the  absorption  is  still  only  13  percent. 

Because  this  absorption  band  at  9.6  yan  only  appears  at  high  pressures,  it  is  probably  due  to  some  secondary 
collosional  process  and  is  short  lived.  Short  lifetime  processes  would  not  lead  to  Q-switching  but  rather  to  a  loss  to  the 
laser.  The  molecules  of  SF6  absorbing  the  photons  would  not  accumulate  into  one  state  and  thereby  saturate.  The 
second  set  of  curves  are  from  the  Per  leer  Elmer  9836  infrared  spectrophotometer.  The  spectroscopy  curves  were  run  at 
1-  to  0.5-wave  number  resolution  in  order  to  observe  the  fine  structure  of  the  absorption  spectrum.  Although  the 
curves  in  Figure  6  (p.  13)  contain  quite  a  bit  of  noise,  the  structure  at  10.6  yan  and  10.2  yan  is  quite  apparent.  Attempts 
were  made  to  process  the  data  in  order  to  find  some  structure  at  9.6  Mm,  but  none  were  achieved. 


IV.  Conclusion 


It  has  been  demonstrated  that  SFs  can  be  used  intracavity  to  frequency  tune  a  TEA  laser  to  the  strong  lines  of  the 
10.2  and  9.6  branches  of  the  CO,  emission  spectrum.  It  has  also  been  shown  that  SF6  can  passively  Q-switch 
the  CO:  TEA  laser  at  10.2  >dn,  although  there  was  no  indication  of  increased  peak  power  to  the  gain  switch  spike. 
Consistent  Q-switching  at  9.6  j urn  was  not  observed.  The  absorption  spectrum  of  SF6  shows  that  (^switching  at  10.2 
(jm  can  be  expected  but  does  not  give  any  support  to  Q-switching  at  9.6  /Mi.  The  use  of  SF6  intracavity  to  frequency 
tune  and  Q-$witch  at  10.2  is  considered  efficient  because  of  its  simplicity  of  installation  and  high  reliability. 
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Figure  1:  Transmission  Spectrum  of  SF6  From  5-MX  Nicoiet  FT-IR 
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Figure  5:  Scope  Traces  of  Laser  Pulse  With  27cm  Gas  Ceil  and  Grating 
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